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Abstract
Solid acid catalysts, such as γ-alumina, are important materials in different catalytic
applications such as dehydration reactions of alcohols. Methanol is one of the most
important intermediates that can be obtained from natural gas and can be further
converted to other efficient fuels and chemicals. Dimethyl ether, which can be
obtained from methanol, is being considered as a promising future fuel besides being
the building block for several industrially important chemicals. Although γ-alumina
has shown significant activity for the dehydration of methanol to dimethyl ether,
improving the conversion and the selectivity at relatively low temperatures is still a
major concern. In the present work, γ-alumina was modified by doping with gallium
ions and the dopant effect on the textural properties, surface acidity, and the
performance of the catalysts in the methanol dehydration to DME was investigated.
The catalysts were prepared in different compositions using sol-gel method and
different preparative conditions were studied and correlated with the final properties
of the catalysts. The prepared catalysts were characterized by different physical and
chemical techniques and the catalytic activity of the prepared composites was
evaluated at different reaction temperatures.
Keywords: Modified γ-alumina, DME, methanol dehydration, sol-gel, catalytic
activity.
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)Title and Abstract (in Arabic

تحسين اكسيد االلمنيوم باضافة ايونات الغاليوم :تأثير الظروف التحضيرية وتركيز
الغاليوم على الخصائص النسيجية والنشاط المحفز في تحويل الميثانول إلى ثنائي ميثيل
إيثر كوقود نظيف
الملخص
المحفــزات الصلبة ذات السطوح التي تسودها صفات المواد الحمضية مثــل أكسيد
األلمنيوم (األلومينا) تعتبــر من المواد المحفــزة في تفــاعالت مختلفة مثل تحويل الكحول الى
ايثر .يعتبــر الميثــانول من أهم المــواد الوسيطة التي يمكن الحصول عليها من الغــاز الطبيعي
و يمكن تحويــله إلى مواد أخرى كوقــود أو مواد كيميائية فعّــالة لتطبيقات مختلفة .مثل ثنائي
ميثيل إيثير ،والذي يمكن الحصول عليه من الميثــانول ،يعتبــر وقــودًا واعــدًا يمكن استخدامــه
في المستقبل إلى جانب استخدامــه في مختلف الصناعــات باعتبــاره من المواد الكيميائية التي
يسهل تحويلها الى مواد مختلفة ذات تطبيقات هامة .و على الرغم من أن األلومينا أظهرت
نتائج جيدة في نشــاطها كمحفز في تفــاعل تحويل الميثــانول الى ثنائي ميثيل إيثير ،اال أن
تعزيــز عملية التحويــل االختيــاري على درجات حرارة منخفضة نسبيا ما تــزال عملية
أساسيــة تحتاج مزيد من البحث.
في هذا البحث ،تم تعديــل األلومينا بواسطة ادخال أيونــات الغــاليوم في تركيبها
وبتراكيز مختلفة وتم دراسة تأثيــر أيونات الغاليوم خصائص األلومينا خاصة أدائها كمحفز
تفــاعل تحويل الميثــانول إلى ثنائي ميثيل إيثير .تم تحضيــر المحفــزات باستخــدام طريقــة
"سول-جيل" وتمت دراسة ظروف مختلفة لعملية التحضير .وكذلك تمت دراسة وتقييم المواد
المحضر ة في تفاعل تحويل الميثانول على درجات حرارة مختلفة وقورن أداؤها بمواد أخرى
محضرة سابقا وقد أبدت األلومينا المعدلة بالغاليوم فاعلية أعلى من األلومينا غير المعدلة.
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مفاهيم البحث الرئيسية :تعديــل األلومينا ،ثنائي ميثيل إيثيركوقود نظيف ،تحويل الميثانول،
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Chapter 1: Introduction and Literature Review
1.1 General Introduction
Metal oxides play a vital role in several fields of physical and chemical
sciences. Metal oxides are prepared from a variety of metal precursors through
different preparative methods. They show metallic, semiconductor, or insulator
characters because of variations in their electronic structures. The various
characteristics of metal oxides allow for their wide applications in the manufacture of
microelectronic circuits, sensors, piezoelectric devices, fuel cells, coatings against
corrosion, and catalysts. For example, almost all industrial catalysts include an oxide
as an active phase or as a support where the active phase is dispersed on its surface.
In the chemical and petrochemical industries, as an example, commodities worth
billions of dollars are created each year through procedures that utilize oxide and
metal/oxide catalysts. In another example, catalysts based on metal oxides play key
roles in the control of environmental toxins and pollution including CO, NOx, and
SOx species that are produced from the combustion of fossil fuel [1].
1.2 Applications of Metal Oxides
Metal oxide materials are widely used in many fields that are significantly
expanding over the years. These fields include catalysis, ceramics, fuel cells, gas
sensing, electronics, and many others.
1.2.1 Gas Sensing
The increasing levels of pollution from different kinds of released chemicals in
the environment is an alarming environmental concern. Hazardous substances of
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concern include certain flammables, explosives, and toxic gases. Early detection of
such polluting gases allows early control and hence limit any possible hazards or
dangers from these emissions. Therefore, developing materials with enhanced
capabilities for detecting the presence of different types of environmentally harmful
and toxic gases is an important area of scientific research. In this application a
variety of metal oxides have been found to be promising materials especially when
fabricated in powders in the nano-scale size range. Different composite materials and
thin films of metal oxides with high sensitivity and selectivity have been found
promising and are the subject of a large number of studies [2,3].
1.2.2 Ceramics
Metal oxides have been used as special ceramic materials in many applications
including electronics and structural engineering fields. As an example, Al2O3 has
been used as insulating material for many years [3]. Work on insulating materials
becomes more important in applications that require high temperatures and in gasturbine facilities. Aluminum oxide has proven to be one of the promising materials
for heat-shielding and heat-insulating and shows unique performance in applications
at temperatures as high as 1750°C[4].
1.2.3 Catalysis
Catalysis is an important area of research due to the fact that more than 80% of
the chemical industry is based on catalytic processes. Therefore, developing active
and selective catalytic material continue to be one of the most important areas of
chemical research. Fields of application include petrochemical industries, energy
conversion processes, and environmental remediation. While most of the industrial
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catalysts are based on metal particles, metal oxides are widely used in catalysis as
support for the metal catalysts. In addition, in many applications the active phase of
the catalyst is composed of metal oxide or metal oxide composites. Examples where
the catalyst is based on metal oxide materials include Fischer-Tropsch reaction,
selective partial oxidation of methane to methanol or formaldehyde, oxidative
degradation of volatile organic compounds, dehydration of methanol to dimethyl,
and propylene to acrolein processing [5,6].
1.2.4 Metal Oxides in Fuel Cell Applications
Metal oxides have been studied as alternative catalysts to replace the currently
used costly noble metals. Platinum and platinum alloys supported on carbon are
widely used as electrodes in electrolyte fuel cells. However, these catalytic systems
are not very stable as platinum particles detach from the support and sinter into bulk
Pt during a short period of use under typical conditions employed in fuel cell
applications. Therefore, there is a great interest in exploring more robust and costeffective materials. Recent studies have reported on the use of titanium(IV) oxide as
alternative support for the catalyst in fuel cells. TiO2 is a semiconducting material
that is widely used in solar cells and in photocatalysis. However, its poor
conductivity has limited its commercial applications. In recent study, a composite
based on cabon-modified titanium(IV) oxide has shown modified conductivity and
an enhanced performance [7].
1.3 Aluminum Oxides
Aluminum oxide of the chemical formula Al2O3 is the most commonly
occurring of several aluminum oxides and is commonly called alumina. It is a white
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crystalline powder, with very high melting and boiling points (2040 oC and 2977 oC)
respectively. It occurs naturally in its crystalline polymorphic phase α-Al2O3 as
the mineral corundum. It is a very stable compound and possess several unique
properties as discussed in the next section.
Aluminum oxide exists in many phases, including the cubic γ- and η- phases,
the monoclinic θ-phase, the hexagonal α-phase, the orthorhombic κ-phase and the δphase that can be tetragonal or orthorhombic. The most important and common
alumina forms are α- and γ-alumina. In α-Al2O3 hexagonal and rhombohedral exist.
In hexagonal, the unit cell represented by a = b # c, α = β= 90º and γ = 120º. α-Al2O3
has approximately hexagonal close packed O2- layers forming ABAB sequence.
While the cations Al3+ fill two thirds of the small interstices between adjacent layers,
in which all layers are shifted such that their sequence is ABCABC as shown in
Figure 1.1 [8]. The α-Al2O3 phase can be obtained by heating aluminum hydroxide to
temperature higher than 1000 ºC.
On the other hand, γ-Al2O3 has in general a spinel defect-type structure in which
oxygen anion O2- form an face-centered-cubic (FCC) lattice and Al3+ ions occupy
octahedral and tetrahedral coordinate site as shown in Figure 1.2. γ-Al2O3 can be
prepared by heating boehmite (AlO(OH)) to temperatures around 450 ºC. Heating γAl2O3 at elevated temperatures, results in conversion to the α- Al2O3 as shown in
Figure 1.3 [9,10].

5

Figure 1.1: The hexagonal unit cell of α-Al2O3. The oxygen ions are represented by
the light-gray spheres and the octahedrally and tetrahedrally coordinated aluminum
ions are represented by the big and small dark-gray spheres, respectively [8]
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Figure 1.2: The unit cell of γ-Al2O3. The oxygen and aluminum ions are represented
by the big and small spheres, respectively [8]
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Figure 1.3: The phase transition of different types of alumina under thermal
conditions [11]
1.4 Applications of Aluminum Oxides
Over 90% of the produced aluminum oxide, normally termed Smelter Grade
Alumina, is consumed for the production of aluminum. The other 10%, is used in a
wide variety of applications as explained below. The various uses of alumina are
related to its unique properties including thermal stability, heat and electrical
resistance, and surface acid-base properties.
1.4.1 Alumina in Catalysis
Aluminium oxide plays a key role in a wide variety of industrially important
processes. While in many processes it is used as a support for the catalyst, in other
processes it is the catalyst active phase. As an example, aluminium oxide, is the
catalyst of the Claus process employed in the conversion of hydrogen sulfide waste
gases into elemental sulfur in refineries. Other examples where alumina is employed
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as a catalyst include, dehydration of alcohols to alkenes and to ethers [12], and
hydrodechlorination of chlorinated organic compounds [13,14].
The most widely used form of alumina as a catalyst is -alumina, the structure
of which discussed before. The performance of -alumina in catalysis can be referred
to its textural and surface chemical properties. First, its surface is rich of acidic sites
that are mainly Al3+ ions of low coordination. These sites are active sites in acid-base
type of surface reactions and can promote different processes such as the dehydration
of methanol to dimethyl ether. Second, depending on the preparative conditions, its
surface is rich of hydroxyl groups that can also promote surface reactions such as
dechlorination of chlorinated organic compounds. Therefore, the surface of alumina
oxide can be tailored to be rich in both Lewis and Brönsted acid/base sites which are
useful in different reactions[15]. Third, -alumina can be prepared in powders of
unique textural properties especially high surface area and large porosity. High
surface area and porous alumina, especially with mesoporous structure, is
advantageous as these properties offer a solution to the problem of pore plugging that
is very often encountered in microporous materials[16]. Therefore, the preparative
method and conditions of -alumina are important to be optimized towards
mesoporous powders with high surface area. Fourth, the good thermal stability of
alumina allows its application in processes that require high temperatures[17].
1.4.2 Alumina as Filler
Being fairly chemically inert and white, aluminum oxide is one of the best filler
for plastics. Aluminum oxide is a common ingredient in sunscreen that protects and
decreases the effect of UV, and also present in some cosmetics such as blush,
lipstick, and nail polish.
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1.4.3 Alumina in Glass
Many formulations of glass have aluminum oxide as one of the ingredients
beside the main ingredient of glass SiO2. Al2O3 is called an intermediate oxide
because it helps building strong chemical links between fluxes and SiO2. It also
controls the flow of the glaze melt and prevent it from running off the ware. When
Al2O3 binds with SiO2, it becomes part of the silica matrix and does not affect the
transparency of the glass. In addition, Al2O3 prevents crystallization and gives glass
its high stability when it's frozen.
1.4.4 Alumina as Adsorbent for Purification
Alumina is one of the most widely used adsorbents for removal of dissolved
pollutants from water. Various chemical species, especially ions, are known to be
adsorbed onto alumina[18].
1.4.5 Alumina as Abrasive Material
Due to its hardness and strength, aluminum oxide is used as a costeffective abrasive. Many types of sandpaper use aluminum oxide crystals. In
addition, its low heat retention and low specific heat make it widely used in
grinding processes, particularly cutoff tools. Aluminum oxide powder is used
in some CD/DVD polishing and scratch-repair kits. Its polishing capability is
also behind its use in toothpaste.
1.5 Preparation of Aluminum Oxides
Chemical as well as textural properties of alumina depend largely on the
preparative method and conditions. Aluminum oxides can be prepared by different
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methods and techniques including Sol-gel, vacuum deposition and vaporization,
chemical vapor deposition (CVD) and chemical vapor condensation (CVC),
chemical precipitation, electro deposition [19], plasma method and others. The most
common methods are based on sol-gel and precipitation processes. The term ‘‘sol'' is
defined as a stable suspension of colloidal solid particles or polymers in a liquid. A
gel consists of a porous, three-dimensionally continuous solid network surrounding
and supporting a continuous liquid phase (wet gel). The gel can be described as
colloidal (particulate) gel if it is composed of a network of agglomerated colloidal
particles. If the gel is composed of polymeric substructure resulting from the
aggregation of sub colloidal chemical units, it is referred to “polymeric gel. In
general, the sol particles can be connected by covalent bonds, van der Waals forces,
or hydrogen bonds. Gels can also be formed by interaction of polymer chains. In
most sol–gel systems used for materials syntheses, gelation results from the
formation of covalent bonds and is irreversible[17]. The gel network is a
consequence of progressive polycondensation reactions of molecular precursors in a
liquid medium as shown in Figures 1.4 and 1.5 [17].
In the sol-gel method, different preparative conditions as well as the way the
solvent is removed from the gel are critical in determining final properties of the
prepared powder. Supercritical drying usually leads to highly porous aerogel
powders with uniquely high surface areas. However, this method of solvent removal
requires high pressures and elevated temperatures. On the other hand, conventional
drying, which usually results in xerogel powders of relatively lower surface area and
porosity, is preferred and more cost-effective as it does not require any extreme
conditions. Compared to sol-gel preparation, precipitation route usually results in
considerably lower surface area and porosity.
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Figure 1.4: The main steps of sol-gel preparative method [17]
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Figure 1.5: A scheme of the steps of preparation of Al2O3-ZrO2 as an example [17]
The sol-gel method offers some advantages over other methods in preparing
metal oxides. First, it requires mild reaction conditions including low temperatures
and ambient pressure. Second, composites with different compositions can be easily
obtained starting with appropriate mixtures of the different precursor solutions.
Third, the final sol-gel-prepared powders usually possess unique textural properties
including high surface area and large porosity [17].
Sol-gel method can be used to prepare powder catalysts as well as powders that
are used as catalyst supports. It can be also used to prepare thin films as catalysts or
catalyst supports. While most of the industrial catalysts are based on metal particles
as the active phase, they are usually supported on a metal oxide such as alumina.
After the sol-gel preparation of the support, the metal particles can be deposited on
the surface of the support by different methods including impregnation and plasmabased method which is a green catalyst preparation method [20]. In this method,
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sufficient electrical energy is used to ionize a gas and electric gas discharge or
discharge plasma will be created. Based on the energy of the discharge plasma,
thermal plasma or cold plasma is generated. Both, thermal and cold, plasma have
been found useful for catalyst preparation. Thermal plasma is normally applied for
the preparation of oxide support materials with smaller particle sizes compared to the
use of normal thermal treatment. It also enhances the distribution of the catalyst on
the support and improves the catalyst support interaction by using the appropriate
chemicals. As an example, nickel catalyst supported on Al2O3 prepared by plasma
method showed improved activity and enhanced coke resistance in the dry reforming
of methane, steam reforming of methane, CO and CO2 methanation and other
reactions [20].
1.6 Modified Aluminum Oxides
Many important properties of metal oxide catalysts can be improved and
enhanced by incorporating hetero elements in their lattice structures. Alumina can be
modified by doping with different other elements where the guest ions replace
aluminum ions in the alumina lattice. While the active part of the catalyst is its
surface where low-coordinated atoms play important roles in catalytic reactions,
doping the bulk of the catalyst particles, very often, improves the performance of the
catalyst. The improvement can be due to different types of modifications the doping
can result in. First, structural modification where the dopant enhance the stability of
the catalyst structure against phase transformation especially when reactions take
place at elevated temperatures that may lead to phase transformations. Second, the
dopant may result in textural modification by enhancing the catalyst stability against
sintering, especially at elevated temperatures, which is usually associated with a
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considerable decrease in surface area and porosity. Third, dopants very often induce
modification in the chemical properties of the catalyst due to changes in the
electronic structure where new electronic states form [21]. Fourth, incorporation
hetero ions in the surface of a catalyst may enhance the chemical adsorption and
reactions on the surface by introducing new chemical properties. As an example
introducing transition metal ions in the surface of a catalyst that has strong acid-base
behavior results in allowing the catalyst’s surface to promote redox as well as acidbase reactions.
For the reasons discussed above, modifying metal oxides, including alumina, by
doping with hetero atoms is becoming an important area of research and a powerful
method to enhance effective adsorption and surface chemical reactions. Several
studies have reported on doping alumina with other elements including S, Cl, and
different transition as well as main group metals [22]. In a recent study γ-alumina
was doped with different concentrations of transition metal ions including Fe3+, V3+,
Cr3+, Ga3+where significant textural modification was observed [9]. Doping alumina
with particular transition metal ions such as Cr3+ and Cu2+ was found to significantly
enhance the catalytic activity of alumina in hydrodechlorination of 1,2dichloroethane [23]. In another study, alumina doped with Ga was reported to have
an enhanced ability to adsorb NO and NO2 as well as the reduction of NO2 compared
with undoped alumina [24]. In another study where boehmite was doped with Ga
ions, only low concentrations of Ga in alumina could be obtained [11,25]. In this
study, Ga-doped alumina, and depending on the thermal treatment time, showed an
increase in crystal size, relatively higher pore volume, and a smaller pore diameter
compared with samples obtained from undoped boehmite. It was also observed that
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thermal decomposition temperature of doped boehmite was higher than that of its
undoped counterpart.
While only few studies have been reported on Ga-doped metal oxides, Ga was
found to enhance the properties of ZnO in gas sensing applications [26]. Ga- doped
ZnO prepared by sol-gel method showed enhanced performance in CO sensors
compared with undoped ZnO.
1.7 DME as an Alternative Fuel
Dimethyl ether (DME) is a gas that can be handled in the liquefied phase in a
way similar to liquified petroleum gas, LPG. It can be produced from an assortment
of feed-stock like, natural gas, crude oil, coal, waste products and bio-mass.
Dimethyl ether is colorless under standard conditions (0.1 MPa, 298 K). When it is
pressurized above 0.5 MPa, it condenses into the liquid phase. Gaseous DME is
denser than air while liquid DME has a density 66% of that of water. The vapor
pressure is the same as that of LPG and requires the same safety measures. It
dissolves in water up to 6% by mass. It is not suitable to be stored in elastomeric
containers because of its corrosiveness, so materials for packaging must be selected
carefully to prevent deterioration after long time of exposure to DME. The sealing of
DME

filled

vessels,

can

be

accomplished

with

inert

material,

like

polytetrafluoroethylene (PTFE). DME is non-harmful and environmental friendly
compound. At low mole fraction (a few percent by volume) the gas has barely any
smell and causes no negative health impacts. Even at high mole portions (>10% by
volume) there is no impact on humans' health with the exception of anesthetic
impacts after a long subjection [27].
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Many research studies have explored the possibility of using DME as an
appropriate fuel in diesel engines [27]. As a fuel, DME is considered as a green
alternative to other fossil fuels due to its smoke-free combustion and the fact that it
does not emit other toxic gases such as nitrogen and sulfur oxides. It is also known
for its easy auto-ignition and its immediate vaporization [27]. DME was also found
to be an efficient gas turbine fuel with emission properties comparable to those of
natural gas. DME-fueled turbine engines accomplish a significant thermochemical
recovery with 44% higher force yield and 8% decrease of CO2 emissions in
comparison with natural gas. The important properties of DME and diesel fuel are
shown in Table 1.1.

Table 1.1: Selected important properties of DME compared with diesel [28]
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1.8 Properties of DME as a Fuel
First, DME has a high oxygen content which, together with the absence of any C–C
bonds, makes it a smoke-free fuel when combusted. This property also allows
oxidation and hence low formation of carbon particulates [27]. Second, the low
boiling point of DME leads to its fast evaporation when liquid-form DME spray is
infused into an engine cylinder. Third, DME has a high cetane number which result
from the low auto-ignition temperature and almost immediate vaporization. Its
critical temperature, 400 K (127oC) is lower than that of the compressed air
temperature at the later stages of the compression stroke, which permits the DME
injected into the cylinder to evaporate directly. At the point when the temperature of
DME is higher than 400 K, it gets to be superheated vapor and no evaporation is
associated with the mixing. The chain combustion reaction of DME can be initiated
by either (or both) of two competing reaction mechanisms:
(a) C–O bond fission (pyrolysis mechanism) [29]
CH3OCH3

→ CH3O + CH3

(b) Hydrogen abstraction (oxidation mechanism) [29]
4CH3OCH3 + O2
CH3OCH2

→ 4CH3OCH2 + 2H2O

→ CH2O + CH3

The C–O bond energy (414 KJ/mol) is smaller than that of the C–H bond and
hence, the C–O bond breaks more readily than the C–H bond. Therefore, the
pyrolysis mechanism is more likely to initiate the chain reaction at generally low
temperatures, which would bring about the low auto-ignition temperature [27].
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While DME possesses significantly important properties that allow for unique
advantages, its use as a fuel has some disadvantages. One disadvantage is its low
combustion enthalpy compared to diesel fuel, which is referred to the presence of an
oxygen atoms in the DME molecule. The presence of oxygen requires a larger
infused volume and longer infusion period for DME in order to deliver an amount of
energy comparable to that from diesel [29]. Another disadvantage of DME is its
lower viscosity than that of diesel fuel, which may cause a leakage from the fuel
supply. In addition, DME has lower modulus of elasticity than diesel fuel, with the
difference being greater at lower pressure. Consequently, the compressibility of
DME is four to six times higher than that of diesel [27].
1.9 DME Synthesis
Presently, most DME is formed by dehydration of methanol from syngas which
is a blend of hydrogen, carbon monoxide and carbon dioxide, but it may also contain
some CH4. The direct conversion method is the simultaneous generation of DME and
methanol from syngas utilizing proper catalysts. The firsts step of direct DME
production is the transformation of the feedstock to syngas, most commonly, by
steam reforming of natural gas. Other feedstocks can be coal or bio-mass which are
converted to syngas by partial oxidation. The second step for the direct route is via
methanol synthesis utilizing a copper-based catalyst while the third step is the
dehydration of methanol to DME utilizing alumina-or zeolite-based catalysts [27].
Many studies have been reported on exploring different catalyst for efficient
dehydration of methanol to DME. Since the dehydration reaction is promoted by
surface acid sites, different studies have investigated the relationship between surface
acidity and activity of solid-acid catalysts, especially -alumina [30]. Other studies
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have investigated the relationship between the preparative method and conditions of
-alumina and its catalytic activity as well as selectivity in the methanol to DME
conversion [31]. In a recent study, it was found that sol-gel prepared γ-Al2O3
converts methanol to DME in around 90% conversion with 100% selectivity at
temperatures around 200 °C [32]. In another study [31], it was evident that the
surface acidity of the catalyst plays a key role in the catalytic activity of alumina in
this reaction. A series of solid-acid catalysts were also prepared by modifying γalumina with different concentrations of silica. It was found that the catalysts with
larger number of weak and moderate acid sites give the highest conversion and best
selectivity.
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Chapter 2: Experimental Methods
2.1 Chemicals
All chemicals used in the present work were used as received from the source
without any further purification or treatment. Propylene oxide (C3H6O, 99.5% pure),
nitric acid (HNO3), ethanol (C2H6O, 99.8%), 1-butanol (C4H10O, 99.8%), aluminum
sec-butoxide (C12H27AlO3, 97%), and gallium nitrate (Ga(NO3)3, 99.9%)

were

purchased from Sigma-Aldrich. 2-propanol (C3H8O, 99.7%), was obtained from J.T.
Baker company. Water used in all preparations was deionized water.
2.2 Preparation of Ga-doped γ-Al2O3
Alumina (-Al2O3) doped with different concentrations of gallium was prepared
by a sol-gel method. Al sec-butoxide(ASB) was used as the aluminum precursor and
gallium nitrate was used as the gallium precursor. Composites were prepared in
different compositions and in different alcohols (ethanol, EtOH, 2-propanol, 2-PrOH,
and 1-butanol, 1-BuOH) as the solvent. In a typical experiment, 6ml (0.025.mol) of
ASB was dissolved in 30 ml 2-propanol giving an opaque solution. A separate
solution of 0.67 g (0.003mol) of gallium nitrate dissolved in 50 ml 2-propanol was
prepared. The gallium nitrate solution was added to the ASB solution and 1.7 ml
(0.094 mol) of distilled water was added drop wise to the mixture, which was stirred
for 4 h and aged for 24 h in a covered beaker, where a colloidal gel or a colloidal
suspension was obtained depending on the solvent. The solvent was then removed by
evaporation at 80ºC in a water bath. The obtained powders were dried in an oven at
120ºC for 1 hr and then calcined at 250ºC and at 350ºC for 30 min followed by
calcination at 500ºC for 4 h. Undoped γ-alumina was prepared using the same
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procedure which is presented in Figure 2.1. Composites with different Ga
concentrations between 3 and 20% were prepared. γ-Alumina doped with ions of
other different elements including Ti(IV), Cr(III), and Fe(III) was prepared according
to published methods [33,9].

ASB

Water
Ga(NO3)3

Stirr

Al(OH)3
Gel

Solvent removal

Xerogel

Calcination
Gallium-γ-Al2O3
500ºC

Figure 2.1: A schematic representation of the main steps in the synthesis of Gadoped γ-Al2O3

2.3 Characterization of the Prepared Materials
2.3.1 Powder X-Ray Diffraction (PXRD)
XRD characterization was performed on a powder diffractometer (Shimadzu6100) with Cu-Kradiation, = 1.542 Å, and data was collected in the 2 angle
range of 20-80 deg. at a rate of 2 deg./min. Each solid sample was prepared for
analysis by well-grinding using a small mortar and pestle. The ground sample was
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placed in an aluminum round holder form and was smoothly packed as shown in
Figure 2.2.

Figure 2.2: Pictures of the XRD instrument and sample preparation
2.3.2 Pyridine Adsorption
Pyridine adsorption study was conducted using Diffuse Reflectance Infrared
Fourier Transform Spectroscopy, DRIFTS. The spectra were recorded on a
Shimadzu IR-Affinity-1 spectrometer in the wave number range of 400-4000 cm-1 at
a resolution of 4cm-1. The spectrometer was equipped with a DRIFTS accessory,
from Pikes Technologies, with a heated cell that enables heating and spectra
recording in-situ at temperatures as high as 900 ºC. The sample (around 0.1g) was
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grinded to a very fine powder and was loaded and packed in a ceramic cup. The
sample cup was placed in the DRIFTS assembly and was pretreated by heating under
nitrogen gas flow (flow rate: 10 ml/min) at 150 and 300 ⁰C for 30 minutes and at
400⁰C for 1 h using a ramping rate of 20 ⁰C. The sample was then cooled to 150⁰C
and was soaked at this temperature for 15 min before a background spectrum was
recorded. The sample was cooled further to 120⁰C and the pyridine was introduced
to the sample using a nitrogen flow through a pyridine saturator kept at room
temperature, as shown in Figures 2.3 and 2.4. The sample was saturated with
pyridine for 20 minutes and was then purged with nitrogen flow to remove free and
physically adsorbed pyridine. After purging a spectrum of the sample was recorded.
The temperature was then raised to 180, 200, 230, 250, 280, 300, 330, 350, 380, and
400⁰C and a spectrum was recorded at each temperature after soaking for 20
minutes.

24

Figure 2.3: A schematic representation of the pyridine adsorption experimental setup
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Figure 2.4: Pictures of the different components of the pyridine adsorption
experimental setup
2.3.3 NH3-Temperature Programmed Desorption (TPD)
Ammonia temperature programmed desorption (NH3-TPD) was conducted on a
ChemBET TPR/TPD chemisorption instrument from Quantachrome equipped with a
TCD (thermal conductivity detector) shown in Figure 2.5. Before ammonia
adsorption, each sample (200 mg) was heat-treated at 300 °C for 1 h under helium
(He) flow. After cooling the sample down to 120 °C under He flow of 30 mL/min,
and soaking at this temperature for 20 min, the sample was saturated with NH3 gas
using a flow of 20 mL/min flow for 30 minutes at the same temperature. The sample
was then purged with He flow (30 mL/min) for 30 min to remove any physically
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adsorbed molecule from the surface. Desorption was then carried out upon increasing
the temperature from 120 to 600 °C at a heating rate of 20 °C/min under He flow.

Figure 2.5: The ChemBET TPR/TPD chemisorption instrument from Quantachrome
2.3.4 Surface Area and Porosity Measurements
Physical adsorption of N2 is the most common technique used to measure the
surface area and porosity of solids. In mesoporous materials, the sorption behavior
depends not only on the fluid-wall interaction, but also on the attractive interactions
between the fluid particles. This causes the formation of multilayer adsorption and
capillary condensation in pores. The pore condensation takes place at a gas pressure
P lower than the bulk saturated vapor pressure Po. Keeping the temperature constant
and changing the external gas pressure, at the same time recording the amount
adsorbed at every pressure, one can get the adsorption isotherm. The adsorption
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isotherms can be utilized to evaluate the solid particles surface area, total pore
volume, and pore size distribution [34].
Surface area and porosity measurements of the prepared samples were
conducted on a Quantachrome Autosorb-1 volumetric gas sorption instrument using
N2 adsorption at 77 K. Each sample was degassed at 150°C for one hour before
measurement. Surface areas were obtained by the Brunauer-Emmett-Teller (BET)
method and the pore size distributions were determined by Barett-Joyner-Halenda
(BJH) model based on the desorption branch of the N2 isotherms.
2.4 Catalytic Reaction of Methanol to DME Conversion
The catalytic activity of the prepared catalysts was studied using a home-made
flow solid-vapor reaction set up as shown in Figure 2.6. The reactor was a U-shaped
stainless steel fixed bed reactor with a 4mm internal diameter. The reaction
temperature was monitored using an electrical furnace and a K-type thermocouple
positioned at the middle of the catalyst bed. In each experiment, 0.12 g of the
catalyst powder, 350-500 mesh size, was packed in the reaction tube between a
stainless steel frit and a glass wool plug. Methanol was introduced using a saturator
at room temperature. The reaction mixture consisted of 3000 ppm methanol and He
balance with a total flow rate of 80 mL/min monitored by mass flow controllers.
Before each reaction, the catalyst was treated at 300 °C for 45 min under He flow of
20mL/min. The composition before and after reaction was analyzed using an on-line
gas chromatograph (GC-2010, Shimadzu) equipped with a heated 6-way sampling
valve and a Barrier Ionization Discharge (BID) detector capable of detecting
inorganic gases as well as hydrocarbons. The transfer line between the methanol
saturator and the GC was heated at 150°C to prevent any condensation. The inlet
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concentration of methanol was measured using a bypass line and the conversion was
calculated based on the difference between the inlet and outlet concentrations. In the
experiment at different temperatures, each reaction temperature was held for 20
minutes before sampling of the products which was done twice over a period of 1
hour and the average concentration in both measurements was considered. The
methanol conversion and the dimethyl ether (DME)’ yields were calculated as
described below, and in all experiments a carbon balance around 94% was obtained.
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Figure 2.6: A schematic representation of the reaction set-up used in the catalytic
activity evaluation
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Chapter 3: Results and Discussion
3.1 Preparation of Ga-doped and Undoped -alumina
Ga-modified γ-alumina was prepared with different Ga concentrations and the
formula AlGax, where x represents the % molar concentration of Ga, will be used to
describe the prepared composites. A sol-gel preparation method was used and 3
different alcohols were tested as solvents. In the sol-gel preparation, metal alkoxide
precursors are typically employed which upon hydrolysis lead to hydroxide gel. The
gel forms as a result of dehydration and condensation reactions of the hydrated
intermediate of the metal precursors as shown in Figure 3.1. In some experiments,
the addition of propylene oxide (PO) or an acid as a dehydration and condensation
promotor was investigated. The addition of PO may enhance the gel formation
through the tendency of PO molecules to abstract protons from the water ligands in
the hydrated metal intermediate in the solution as shown in Figure 3.2. Similarly, the
presence of an acid may enhance the gel formation through a different mechanism
and therefore, nitric acid was added in some experiments.
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Figure 3.1: The main steps and reaction involved in the sol-gel synthesis. Hydrolysis
followed by condensation and gelation

Figure 3.2: A scheme showing the possible role of propylene oxide in gel formation
The gel formation and the final textural properties of the calcinated products
were found to depend on the composition and on the preparative conditions. The
preparation of AlGa3, AlGa10, AlGa5, and AlGa20 was studied in three different
alcohols: ethanol (EtOH), 2-propanol (2-PrOH), and 1-butanol (1-BuOH). A clear
gel formed readily only in 1-butanol, while colloidal suspensions were obtained in
the other solvents. In addition, when pure alumina was prepared, no gel formed in
any of the solvents where colloidal and precipitate phases were obtained. The gel
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formation in 1-butanol was dependent on the concentration and the other conditions,
as shown in Table 3.1. At low Ga concentration, 3%, the gel formed readily in the
absence of any additive. However, increasing the Ga concentration to ≥ 5 resulted in
a colloidal suspension, and a gel formed only in an acidic solution upon the addition
of nitric acid to the starting solution. However, the addition of an acid was found to
result in a considerable decrease in the surface area and porosity, as will be discussed
in the next section. In the other solvents, EtOH or 2-PrOH, no gel formed under all
studied conditions. While EtOH resulted in the formation of a precipitate and a
colloidal suspension, 2-PrOH resulted in a more homogeneous colloidal suspension
phase.
The addition of propylene oxide (PO), which is known as a good proton
scavenger and hence a gelation promoter, did not promote gel formation in 2-PrOH.
It is possible that PO reacted with water resulting in ring opening which would lead
to the formation of 1,2-propanediol. The reaction under acidic conditions, by adding
nitric acid, on the other hand, resulted in the formation of a gel. EtOH was not
studied further as it resulted in powders with very low surface areas compared with
the products in the other solvents as will be discussed later. Based on these
observations, it can be concluded that 1-BuOH is a preferred solvent for the sol-gel
preparation of γ-alumina and Ga-doped γ-alumina. However, at concentrations ≥ 5%
the obtained gel is not very homogenous and a colloid-phase may form. Meanwhile,
under these conditions, a powder with relatively high surface area and porosity can
be obtained.
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Solvent

Ga(%)

Acid addition

PO addition

Observation

1-BuOH

0

No

No

Colloidprecipitate

1-BuOH

0

Yes

No

Gel

1-BuOH

3

No

No

Gel

1-BuOH

5

No

Colloid-gel

1-BuOH

10

No

Colloid-gel

Yes

Gel
Colloid-gel

1-BuOH
1-BuOH

20

No

2-PrOH

10

No

No

Colloid

2-PrOH

No

Yes

Colloid

2-PrOH

Yes

No

Gel

No

No

Colloid and

EtOH

10

precipitate
EtOH

Yes

No

Colloid-gel

Table 3.1: Gel formation versus Ga concentration and other preparative conditions
3.2 N2 Sorption Study: Surface Area and Porosity Characterization
The surface area and porosity of all prepared samples were characterized using
N2 sorption at 77K. Table 3.2 displays BET (Brunauer-Emmet-Teller) surface area,
total pore volume and average pore diameter of the prepared composites as well as
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the pure γ-alumina. It is evident that the surface areas and the porosity characteristics
were largely dependent on the Ga concentration and on the preparation conditions
including the solvent and the addition of an acid. Comparing the characteristics of
the composites prepared in 1-BuOH shows that low Ga concentration, 3% in
particular, showed noticeably higher surface area (321 m2/g) than undoped γ-alumina
(288 m2/g). Meanwhile, AlGa3 possessed a total pore volume comparable to that of
undoped alumina, but with smaller average diameter of mesopores and more
homogeneous pore size distribution as shown in Figures 3.3 and 3.4. Only AlGa10
was prepared in 2-PrOH and it showed surface area and pore characteristics
comparable to that of its counterpart prepared in 1-BuOH. However, the same
composite (with 10% Ga) prepared in ethanol showed a considerably lower surface
area and porosity than the same composite prepared in the other two solvents as
shown in Table 3.2.
The addition of an acid, which is very often used as a condensation catalyst, to
the starting solution was found to significantly decrease the surface area and the
porosity of final product regardless of the other conditions employed as shown in
Table 3.2. In addition, the presence of an acid resulted in smaller pore diameters. It
has been reported that an acid catalyst slows down the condensation due to chargecharge repulsion between the protonated hydrated ions resulting in more rapid
hydrolysis compared with condensation [35]. This effect on hydrolysis and
condensation rates promotes the formation of polymeric chains containing less crosslinking as well as less branching. The chain-like gel very often contains smaller
voids and is weaker than a gel network rich of cross-linking. Therefore, the chainbased gels suffer more severe collapse during drying and calcination due to
considerable capillary forces. These effects result in lower surface areas, smaller pore
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diameters, and a less total porosity in the final products. These suggested effects of
the acid catalyst explain the observed development of gels and the textural properties
obtained under acidic conditions.
On the other hand, when acid was not added to the starting solution,
condensation took place at higher rates and colloidal suspensions were initially
obtained. It is possible that more crosslinking took place creating larger void regions
as compared to the acidic conditions where more chain-like network with smaller
voids is expected as described above. These textural properties of the solid network
resulted in the observed modified textural properties of the final product where less
shrinkage of the pores network was observed upon solvent evaporation and drying.

Solvent

Ga %

Acid catalyst

SBET (m2/g)

TPV
(cc/g)

APD
(nm)

1-BuOH

0

No

288

0.73

11.4

0
3

Yes
No

131
321

0.35
0.64

7.2
6.7

5
10

No
No

284
262

0.53
0.41

6.1
7.7

Yes

89

0.17

5.9

20

No

184

0.14

3.0

10

No

244

0.44

9.4

Yes

134

0.22

9.3

No

67

-

-

Yes

8

0.03

16.2

2-PrOH

EtOH
EtOH

10

Table 3.2: BET surface area (SBET), total pore volume (TPV) and average pore
diameter (APD) of the prepared solids under different conditions
Figures 3.3-3.6 show the adsorption-desorption isotherms and pore size
distributions of different Ga-doped and undoped alumina samples. The isotherms
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and pore size distributions of composites with different Ga concentrations are shown
in Figure 3.3 and 3.4 where it is observed that the presence of Ga induced noticeable
changes in the pores characteristics. The isotherm of pure -alumina shows a
hysteresis loop, which is usually associated with mesopores, at higher relative
pressures indicating the presence of larger mesopores. On the other hand, the
isotherms of the composites show hysteresis loops at lower relative pressures
indicating the dominance of smaller mesopores, which is also evident in Figure 3.4.
More importantly, the Ga-containing samples showed more homogeneous pore size
distribution as shown in Figure 3.4. The significantly lower porosity of the composite
with high Ga content, AlGa20, is indicated by the small amount of adsorbed nitrogen
in its isotherm. While the effect of Ga on the surface area and porosity can be, partly,
referred to its role as an impurity that hinders crystallization and particle growth
resulting in smaller primary particles that agglomerate together resulting in
significant porosity with smaller pore diameter compared with pure alumina.
Meanwhile, the observed effects of Ga on the textural properties and its dependence
on the concentration necessities further research for better understanding of its role.
Figures 3.5 and 3.6 display the N2-adsorpton-desorption isotherms and pore size
distributions of AlGa10 prepared in the presence and in the absence of an acid
catalyst.

The composite prepared without an acid showed significantly larger

amount of adsorption indicating higher porosity which resulted in significantly
higher surface area as shown in Table 3.2. In addition, avoiding the addition of an
acid resulted in noticeably sharper pore size distribution as shown in Figure 3.6
which adds to the negative effect of the acidic preparation medium as was discussed
earlier in this section.
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Figure 3.3: N2 adsorption-desorption isotherms of AlGa oxides with different Ga
concentrations
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Figure 3.4: Pore size distribution of AlGa oxides with different Ga concentrations
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Figure 3.5: N2 adsorption-desorption isotherms of AlGa10 prepared in 1-BuOH in
the presence and in the absence of an acid catalyst
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Figure 3.6: Pore size distribution of AlGa10 prepared in 1-BuOH in the presence and
in the absence of an acid catalyst

3.3 XRD Characterization
Powder x-ray diffraction (XRD) was employed for structural characterization of
the calcined products. The XRD patterns of selected composites as well as for
undoped γ-alumina are shown in Figure 3.7. While only patterns of selected samples
are shown, all other prepared composites showed similar patterns. The patterns of all
composites match the typical diffraction pattern of γ-alumina phase indicating the
absence of segregated crystalline gallium oxide or any other phase. In addition, the
peaks in the patterns of the composites are weaker and broader than that of the
undoped alumina indicating the formation of weakly crystalline or almost amorphous
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powders in the presence of Ga dopant. The phase and crystallinity of the products did
not show any significant dependence on the solvent or other preparative conditions.

350
300

intensity (a.u)

250
a

200
150

b
100
50

c

0

d
20

30

40

50

60

70

80

(20-80 deg)
Figure 3.7: XRD patterns of doped -alumina samples of different Ga concentrations
prepared in 1-BuOH and calcinated at 500 °C. (a) γ-Al2O3, (b) AlGa3, (c) AlGa10,
(d) AlGa20
3.4 Pyridine Adsorption: Surface Acidity Characterization
While the acidity of aqueous solutions can be determined by the concentration
of hydrogen or hydronium ions present in the solution, acidity of solid surfaces is
more difficult to evaluate. In the case of solid catalysts, the acidity of the surface
originates from acidic sites that may vary in nature and strength depending on
various factors including particle size, surface area, surface functional groups, and
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surface structure. Therefore, acid surfaces may contain Lewis acid sites, Brönsted
acid sites, or both of them in different proportions [30].
The concentration and strength of surface acid sites of a solid catalyst can be
determined by adsorbing an appropriate probe basic molecule such as ammonia and
pyridine. The amount of the adsorbed molecules and the temperatures at which the
molecules desorb give a good estimation of the number of acids sites and their
strength. The nature of interaction with the surface sites and the strength of the acid
sites can also be inferred from the FTIR spectra of the adsorbed molecules. Pyridine
is one of the common basic substances that is widely used as a probe molecule and is
usually studied by FTIR spectroscopy to evaluate solid surface acidity [36]. Different
types of interaction may take place with the surface resulting in pyridine molecules
adsorbed on the surface with different binding modes including physically adsorbed,
hydrogen-bonded, Lewis acid-bonded, and Brönsted acid-bonded pyridine molecules
[37]. Surface Lewis and Brönsted acid sites and their interaction with pyridine is
sketched in Figure 3.8.

Figure 3.8: Pyridine interaction with solid surface Lewis and Brönsted acid sites
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Figure 3.9 presents the DRIFTS spectra of adsorbed pyridine at 150 ⁰C over γalumina doped with different concentrations of Ga ions compared with undoped
alumina. The areas of the peak (around 1446 cm-1) that represent adsorption on
Lewis acid sites are also shown in Table 3.3. Figure 3.9a exhibits the region 14001650 cm-1 of the spectra showing the peaks that are due to pyridine ring C-C bonds
absorption. In this region of the spectra, the observed peaks represent pyridine
adsorbed on Lewis acid sites (L-py), 1612 and 1446 cm-1, as well as peaks for
pyridine bound to Brønsted acid sites (B-py), 1552, 1620 and 1493 cm-1. Peaks
around 1575 and 1595 can be assigned to hydrogen bonded (H-py) molecules. The
absence of a peak at around 1430 indicates the absence of physically adsorbed
molecules.[38] Figure 3.9b shows peaks in the region 3500-4000 cm-1 where
absorption due to OH normally appear.
The results show that doping with Ga significantly increased the amount of
adsorbed pyridine indicating a corresponding increase in the concentration of surface
acid sites as shown in Table 3.3 and as indicated by the more intense peaks that refer
to adsorption on Lewis as well as Brønsted acid sited in Figures 3.9. The adsorption
of pyridine was also dependent on the concentration of Ga ions. While
concentrations of 3% and 10% Ga showed comparable amounts of adsorbed
pyridine, increasing the concentration to 20%, the amount of adsorbed pyridine
increased noticeably. In addition, the results indicate changes in the nature of
adsorption and hence differences in the ratio between the types of acid sites. While
the adsorption in general increased, the peak representing adsorption on Brønsted
acid sites, at 1552 cm-1, was relatively lower over the doped samples. However,
peaks representing adsorption through hydrogen bonding with surface hydroxyl
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groups increased noticeably.[39] These features indicate that the surfaces of the
doped catalysts were richer in surface hydroxyl groups. The presence of such active
hydroxyl groups is confirmed by the significant changes in the spectral region where
absorption due to surface OH groups takes place. The negative peak around 3700 cm1

in the spectra indicates stronger interaction with surface OH groups which may

reflect a stronger acidity of the OH groups on the surface of the doped samples.
AlGa10 prepared in 1-butanol was compared with its counterpart prepared in 2propanol. The results, presented in Table 3.3, showed that the composite prepared in
1-butanol adsorbed more pyridine on Lewis acid sites. In addition, the effect of using
an acid catalyst in the starting solution of the precursors was studied for AlGa10
prepared in 1-butanol. As shown in Table 3.3, the amount of adsorbed pyridine was
considerably less on the sample prepared in the presence of the acid. This effect
could be, in part, referred to the lower surface area and porosity of the sample
prepared in the acidic solution.
The overall enhancement of pyridine adsorption on the surface of doped
samples could be referred to the larger size of the Ga ions compared to Al ions which
makes them more accessible. In addition, the hydroxyl groups bound to Ga ions
could be more acidic due to the higher electronegativity of Ga than Al which makes
the bonding with Ga more covalent and hence the OH group more acidic. This effect
is supported by the fact that pyridine adsorption increase with increasing Ga
concentration where more Ga ions are exposed on the surface, especially ions of
lower coordination on edge and corner sites. While different trends were observed
and the difference in cation size plays a significant role in the process, the behavior
of the different catalysts in the adsorption of pyridine needs further studies under
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different conditions for better understanding. Interestingly, the results of pyridine
adsorption correlate with the catalytic activity discussed in the next section.
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Figure 3.9: DRIFT spectra of pyridine adsorbed at 150 °C on undoped γ-Al2O3and on
γ-Al2O3 doped with different concentrations of Ga prepared in BuOH in the absence
of an acid catalyst. (a) The region 1400-1650 cm-1 and (b) the region 3500-4000 cm-1
of the spectrum
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Sample

Solvent/acid

Peak area (a.u.)

Al-Ga10

2-PrOH

0.565

Al-Ga3

1-BuOH

1.6

Al-Ga10

1.61

Al-Ga20

1.83

Al-Ga10

1-BuOH/acid

0.665

Table 3.3: Areas under the peak around 1446 cm-1 that represent adsorbed pyridine
molecules coordinated to Lewis acid sites
3.5 Catalytic Activity in Methanol Conversion to Dimethyl Ether
The catalytic activity of the prepared Ga-doped γ-alumina and undoped γalumina was studied in the dehydration reaction of methanol to dimethyl ether
(DME). The catalytic activity of other selected previously prepared catalysts was
also studied for comparison with the Ga-doped γ-alumina catalysts. The other
catalysts include γ-alumina doped with Ti, Si, and Mg in molar concentration of 10%
as well as a zeolite material.
Ga-doped γ-alumina was first compared with undoped γ-alumina and the effect
of Ga concentration was studied. Since the composites prepared in 1-butanol
possessed higher surface areas and showed higher acidity, based on the pyridine
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adsorption, than others, the catalytic activity study involved mainly samples prepared
in 1-butanol. The conversion of methanol to DME over composites with different
concentrations of Ga is shown in Figure 3.10. It is evident that the presence of Ga in
concentrations of 3-15% resulted in a significant enhancement of the catalytic
activity of γ-alumina. The results also indicate that catalyst containing 3% and 10%
Ga showed significantly higher activity than the other catalysts, while increasing Ga
concentration to 15% resulted in a noticeable decrease in the catalytic activity.
Increasing the concentration further to 20% decreased the catalytic activity further to
a value comparable with that of undoped γ-alumina. The negative effect of Ga at
higher concentrations can be referred to the lower surface area and porosity which
decreased as the Ga concentration increased as shown in Table 3.2.
An interesting correlation can be noticed between the surface acidity evaluation
by pyridine adsorption, Figure 3.9, and the catalytic activity presented in Figure 3.10.
First, the Ga-doped catalysts showed higher affinity toward pyridine indicating an
enhanced surface acidic character which could be part of the reason behind the
enhanced catalytic activity of the doped catalysts. Second, the catalyst that contained
the highest Ga concentration, AlGa20, showed the lowest catalytic activity while it
exhibited significantly higher tendency to adsorb pyridine. Since AlGa20 possessed
the lowest surface area among all composites, the higher pyridine adsorption and the
lower catalytic activity over this composite indicates that the effect of the large Ga
concentration was more important than surface area for pyridine adsorption. On the
other hand, higher surface area and higher porosity in the other composites was more
important for the catalytic activity. This could be due to two possible factors. First,
particles of solids with higher surface areas are generally expose more coordinatively
unsaturated sites, such as corners and edges, where the surface sites are more active
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in initiating and promoting surface reactions. Second, the higher porosity of the
catalysts with low-medium Ga concentrations may have played a role in the process
by increasing molecular diffusion through the catalyst bed in the reactor. These
observations lead to the conclusion that the desired catalyst should have a balance
between both factors, the presence of Ga to enhance the surface acidity and the high
surface area and porosity for more reactive surface sites and better molecular
diffusion.
The catalytic activity was also studied for different other materials including γalumina doped with other metal ions for comparison with Ga-doped γ-alumina as
shown in Figure 3.11.To study the relationship between the surface acidity and the
catalytic activity, the samples involved in this part of the study were characterized
NH3-temperature programmed desorption, TPD. The amount of NH3 that desorb
from the surface and the temperature of desorption are used to evaluate the acidity of
the surface, as shown in Table 3.4. Although zeolite has a significantly higher
surface area (450 m2/g) and is known to have significantly higher concentration of
stronger surface acid sites, which was confirmed by NH3-TPD results in this study,
presented in Table 3.4, it showed a considerably lower catalytic activity. The low
activity of zeolite can be referred partly to its crystalline microporous structure that
limits molecular diffusion through the catalysts bed.

Similarly, the silicon-

containing γ-alumina, which is well known to be more acidic than pure γ-alumina,
showed a catalytic activity that is comparable with that of pure γ-alumina. On the
other hand, AlTi10, which showed a total amount of adsorbed and desorbed
ammonia comparable to that of pure γ-alumina, desorption took place at a noticeably
lower temperature indicating the dominance of weaker acidic sites than those of pure
alumina. These observations and the fact that AlTi10 showed the highest catalytic
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activity among the studied catalysts, may indicate that the catalytic activity is
promoted and enhanced by the presence of acid sites of relatively weak or medium
strength. In other words, the strength of the acid sites is more important than their
concentration in this reaction. Another important factor that may have contributed to
the enhanced activity of AlTi10 is the higher oxidation state of Ti(IV) than that of
Al(III). The difference in oxidation state is expected to enhance the formation of
defect oxygen sites adjacent to Al ions or Brönsted acid sites to compensate for the
charge difference. In addition, Ti(IV) ions themselves are strong Lewis acid sites
due to their high oxidation state and availability of partially empty d-orbitals.
Similarly, the relatively high activity of AlMg10 can be referred to the possible
formation of oxygen defect sites that are expected to form next to the cations of
lower oxidation state, Mg2+. These results again indicate that it is not only the
concentration of acid sites that determines the activity, but other electronic as well as
textural properties. Further studies addressing quantitative evaluation of the surface
acid site concentration and strength would be of significant value towards better
understanding of the reaction and optimization of reaction conditions.
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Figure 3.10: The catalytic conversion of methanol to dimethyl ether at 200 °C over
Ga-doped γ-alumina vs. time-on-stream.
Catalyst composition

Temperature (⁰C)

µmol NH3/g

γ-Al2O3

424

105

AlGa3

399

365

AlG10

384

314

Zeolite

376

1013

AlSi10

325

287

AlTi10

280

143

Table 3.4: NH3-TPD results of selected catalysts
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Figure 3.11: The catalytic conversion of methanol to dimethyl ether at 200 °C over
different composites vs. time-on-stream
The reaction over selected catalysts was also studied at different temperatures as
shown in Figure 3.12. While the three alumina-based samples showed comparable
conversion (~20%) at 150 °C, AlGa10 showed a noticeably higher conversion at a
relatively low temperature of 175 °C. In addition, both doped γ-alumina showed
significantly higher conversion than their undoped counterpart at 200 °C. On the
other hand zeolite showed no conversion at the low temperatures,150 °C and 175 °C.
The absence of any activity of zeolite at low temperatures can be referred to the
dominance of small micropores (<2nm) in zeolites which hinders molecular diffusion
at low temperatures. These observations further support our discussion related to
zeolite above.

52

Since the acidic condition used in the preparation resulted in a considerable
decrease in surface area and porosity of the composites, the catalytic activity of
AlGa10 prepared in 2-propanol in the presence and in the absence of acid was
studied and the results are shown in Figure 3.13. Although the surface area and the
porosity of the sample prepared in an acidic medium were considerably lower than
those of the sample prepared in the absence of an acid, the difference in the catalytic
activity was not that significant and its activity was significantly higher than that of
undoped alumina which possessed higher surface area and porosity. These results
indicate that, although textural properties are important in surface reactions, other
factors may govern the performance of the catalyst. Meanwhile, further studies are
needed for better understanding of the role of acid sites’ type, concentration, and
strength on the catalytic activity.
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Figure 3.12: The catalytic conversion of methanol to dimethyl ether over different
catalysts vs. reaction temperature
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Figure 3.13: The catalytic conversion of methanol at 200 °C over Ga-doped γalumina prepared in the presence vs. the absence of an acid catalyst.

3.6 Reaction Mechanism
Formation of DME from methanol can be presented by the following
equation:
2CH3OH → CH3-O-CH3 ∆H=-23.5 KJ/mol
Several studies[27,40,41] have reported that methanol molecules adsorb on the
surface of a heterogeneous catalyst on both acidic sites and basic sites. Interaction
with an acidic site results in abstraction of a proton (H+) from the surface and
interaction with a basic site results in abstraction of a proton from the methanol
molecule by the surface according to the following equations:[27]
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CH3OH + H+

[CH3OH2]+

CH3OH + O2-

[CH3O]- + [OH]-

The two species [CH3OH2]+ and [CH3O]-react on the surface to form DME according
to the following equation:
[CH3OH2]+ + [CH3O]-

CH3-O-CH3 + H2O

The results of the current study agree very well with this proposed
mechanism. Evidences for this mechanism can be concluded from the following
observations: First, the AlGa oxide composites that exhibited enhanced catalytic
activity showed also more significant involvement of surface hydroxyl groups in
pyridine adsorption indicating the presence and confirming the role of more active
hydroxyl groups on the surface of these catalysts. This is most likely the case in
AlTi composites, for which pyridine adsorption was not studied in the current work.
The presence of a hetero-ion with higher oxidation state is expected to result in
hydroxyl groups adjacent to the Al ion sites as was discussed earlier. Second, the
higher activity of the AlMg composite compared to alumina may indicate the role of
the basic sites as an Mg-O sites are more basic than Al-O. In addition more hydroxyl
groups are expected on the AlMg composite due to the difference in the oxidation
states of both metal ions. These results encourage for more work to further
characterize the surface of these composites especially quantitative as well as
qualitative evaluation of surface acidity and hydroxyl groups.
3.7 Conclusions
The employed sol-gel method resulted in well dispersed Ga ions in amorphous
mesoporous -alumina with relatively high surface areas and significant porosity.
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The gel formation and the final textural properties were largely dependent on the
composition and other preparative conditions. Low concentrations of Ga resulted in
higher surface area and more homogeneous pore size distribution. However, the
surface area generally decreased as the Ga content increased. The addition of an acid
to the starting precursors’ mixture to enhance gel formation resulted in a
considerable decrease in the surface area and the porosity of the final calcinated
products.
The amount of pyridine adsorbed on the surface, and hence the surface acidic
character of the AlGa oxide composites were noticeably higher than that of alumina and increased as the Ga content increased. It was also evident, from the
pyridine adsorption study, that the composites’ surfaces were richer in hydroxyl
groups that acted as active sites in the catalytic conversion of methanol to dimethyl
ether. While the composite with the highest Ga content, AlGa20, showed the highest
surface acid character, it showed the lowest catalytic activity among the AlGa oxide
composites. Comparing the results of the catalytic activity over AlGa composites
with -alumina doped with other metal ions indicated that the catalytic activity
depends on a combination of parameters including textural properties, the nature of
surface acid sites, the availability of basic sites, and the oxidation state of the dopant
ions.
3.8 Future Work
The research work reported in this thesis is a significant addition to the
current efforts towards the fabrication of modified efficient catalysts for the selective
formation of dimethyl ether from methanol at reasonably low temperatures using
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heterogeneous catalysts. The results reported herein encourage further research work
in the following directions:
(a) Studying pure gallium oxide and composites with higher concentrations
of Ga for better understanding of the Ga effect on the textural properties.
(b) Studying the effect of the nature of the dopant by studying other dopants
of different oxidation states, ionic radii, and acid-base behavior.
(c) Investigating the concentration and the nature of the acid sites on the
surface of the other doped catalysts suggested above as well as the
composites tested in the current study including AlTi and AlMg oxides.
This study would also include full characterization of the concentration
and the nature of surface hydroxyl groups.
(d) Investigating adsorbed methanol molecules and intermediates at different
temperatures on the surface of selected promising catalysts. This study
and the other suggested investigations above would significantly help in
better understanding of the reaction mechanism and in optimizing
efficient catalyst composition.
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